Genetic diversity and relationships among 194 Pasteurella haemolytica isolates, which were recovered predominantly from cattle (39%) and sheep (58%) suffering from pneumonic pasteurellosis in the United Kingdom, Germany, and the United States, were estimated by examination of allelic variation at 18 enzymeencoding loci detected by multilocus enzyme electrophoresis. The isolates formed two major divisions. One included 178 Pasteurella haemolytica sensu stricto strains representing serotypes A1, A2, A5 to A9, A12 to A14, and A16; the other was composed of 16 isolates belonging to the A11 taxon. P. haemolytica isolates were classified into 22 electrophoretic types (ETs) that formed three primary phylogenetic lineages. One lineage was represented by ovine serotype A2 isolates, a second lineage consisted of bovine serotype A2, together with serotype A7 and A13 isolates, and the third lineage included isolates representing all of the other serotypes, as well as a second group of serotype A7 strains. Electrophoretic types were nonrandomly associated with specific capsular serotypes, lipopolysaccharide (LPS) types, outer membrane protein (OMP) types, and host species. Bovine isolates were represented by only three serotypes (A1, A2, and A6) in 5 ETs, whereas ovine isolates were represented by all of the serotypes in 19 ETs. The majority (76%) of bovine isolates were of serotypes A1 or A6 and belonged to a single ET that marked a virulent, cattle-specific clonal group. Among the ovine isolates, 40% were of serotype A2 and belonged to two ETs that represented two virulent, sheep-specific clonal groups. Bovine A1 and A6 isolates and bovine A2 isolates were phylogenetically distinct from ovine isolates of the same serotypes, indicating that different subpopulations of these serotypes are associated with disease in cattle and sheep. Consistent differences in the OMP profiles of strains of the bovine and ovine lineages of these three serotypes suggest that certain OMPs are involved in host specificity and virulence. Evolutionary relationships among P. haemolytica isolates indicate that the ancestral host is the sheep and that several distinct clonal lineages have crossed the species barrier into cattle. The A11 taxon is a heterogeneous group of opportunistic pathogens of sheep that represents a separate species.
P. haemolytica possesses a leukotoxin that is known to play a role in the pathogenesis of pneumonic pasteurellosis, promoting bacterial proliferation by killing or incapacitating alveolar macrophages and neutrophils (13, 19, 24, 27, 49) . However, the relative importance and roles of other virulence determinants in the disease process, including capsular polysaccharides (4), lipopolysaccharides (LPS) (14, 50) , a transferrin-binding outer membrane protein (OMP) (42, 56) , a sialoglycoprotease (1, 30) , and a neuraminidase (20, 52) , are poorly understood. The association of different capsular serotypes with cases of disease in cattle and in sheep suggests that intraspecific variation occurs in some or all virulence determinants and is responsible for the observed differences in virulence and host specificity. Indeed, comparative studies of LPS (8, 15, 16, 29) , leukotoxin (10, 23) , sialoglycoprotease (1, 30) , and neuraminidase (20, 52) have revealed variation, particularly among serotypes A1, A2, and A11, that may be related to variation in virulence and host specificity. These findings are not surprising, since comparison of 16S rRNA sequences of isolates of each of the P. haemolytica serotypes has shown that the A1, A2, and A11 serotypes represent distinct phylogenetic lineages (18) . However, a recent analysis of LPS and OMP profiles of 184 P. haemolytica isolates of 13 capsular serotypes recovered from cattle and sheep revealed previously unrecognized diversity within serotypes (15) . In particular, bovine and ovine isolates of serotypes A1, A2, and A6 could be differentiated by their OMP profiles, suggesting the existence of distinct cattle-and sheep-adapted subpopulations of each of these serotypes.
Although comparison of cell surface structures, including capsule, LPS, and OMPs, is useful in assessing diversity and relationships of bacterial populations (2, 3, 28) , such studies generally do not reveal the underlying genetic relationships between bacteria because the variation is phenotypic and difficult to relate to allelic variation at specific gene loci (47) . By contrast, multilocus enzyme electrophoresis (MLEE) is a method which examines genetic diversity and structure within populations (47) and has been successfully used in numerous studies of bacterial population genetics, including investigations of other members of the family Pasteurellaceae (17, 26, 33, (36) (37) (38) 44) . Since little is known concerning genetic relationships within P. haemolytica, we decided to examine the population genetics of this organism, with a view to developing a framework that could be used to help define the role of the various virulence determinants in pathogenesis and host specificity. Basically, the overall aims of the study were to assess genetic diversity and relationships among bovine and ovine P. haemolytica isolates by MLEE. Our principal objectives were to determine the genetic relationships of the four groups of isolates identified previously (15) and to correlate variation in capsular serotypes, LPS types, and OMP types with the underlying genetic diversity; to ascertain whether the bovine and ovine A1, A2, and A6 groups (15) represent genetically distinct subpopulations; and to identify virulent clonal groups and associated cell surface components involved in virulence and host specificity.
MATERIALS AND METHODS

Bacterial isolates.
A total of 194 isolates of P. haemolytica from widespread geographical areas was examined. The isolates originated from the following: British Veterinary Investigation Centres, 120; the United States, 18; Germany, 15; the National Collection of Type Cultures (NCTC), 16; the University of Glasgow, 16; and the Moredun Research Institute, 9. Seventy-six isolates were recovered from cattle, and 113 were recovered from sheep; 5 isolates were of unknown origin but probably originated from sheep. The isolates belonged to serotypes A1 (49 isolates), A2 (60 isolates), A5 (2 isolates), A6 (21 isolates), A7 (18 isolates), A8 (2 isolates), A9 (7 isolates), A11 (7 isolates), A12 (6 isolates), A13 (3 isolates), A14 (1 isolate), and A16 (1 isolate), and to untypeable groups (see reference 18) UG1 (6 isolates), UG2 (2 isolates), and UG3 (9 isolates). This collection has been the subject of previous investigations (15, 18, 32) . The properties of the isolates that are of direct relevance to the present study, except for those of serotype A11 and untypeable isolates (see references 15 and 18), including electrophoretic type (ET), capsular serotype, LPS type, and OMP type, are presented in Table 1 .
Growth of bacteria and electrophoresis of enzymes. Each isolate was grown overnight at 37°C in 150 ml of brain heart infusion broth (Oxoid) on an orbital shaker (120 rpm). Following incubation, samples from each culture were plated onto blood agar (brain heart infusion agar containing 5% [vol/vol] defibrinated sheep's blood) to check for contamination. Bacteria were harvested by centrifugation at 5,000 ϫ g for 10 min at 4°C, resuspended in 2 ml of 50 mM Tris hydrochloride buffer containing 1 mM EDTA and 0.05 mM NADP (pH 8.0), and disrupted by three 10-s cycles of sonication with 10-s intervals of ice-water cooling. Unbroken cells were removed by centrifugation at 15,000 ϫ g for 20 min at 4°C, and the supernatant (lysate) was divided into two aliquots and stored at Ϫ70°C.
Lysates were electrophoresed on starch gels and selectively stained for 18 metabolic enzymes (Table 2) by the methods described previously (47) . For each enzyme, distinctive-mobility variants were designated electromorphs and were numbered in order of decreasing rate of anodal migration. Electromorphs of an enzyme were equated with alleles at the corresponding structural gene locus, and an absence of enzyme activity was attributed to a null allele, which was designated 0. Because most isolates showed activity for all 18 enzymes, it was assumed that the corresponding structural gene loci are located on the chromosome rather than on plasmids. Isolates with identical combinations of alleles at the 18 enzyme loci corresponded to a unique multilocus genotype and were designated as an ET.
Statistical analysis. Genetic diversity at an enzyme locus (h) among either ETs or isolates was calculated from the allele frequencies by the equation h ϭ (1 Ϫ ⌺x i 2 )(n/n Ϫ 1), where x i is the frequency of the ith allele and n is the number of ETs or isolates (47) . Mean genetic diversity per locus (H) is the arithmetic average of h values for all loci.
Genetic distance between pairs of ETs was expressed as the proportion of enzyme loci at which different alleles were represented (mismatches). A dendrogram showing relationships among ETs was constructed from the matrix of distance coefficients by the unweighted pair group method with averages clustering strategy (51) by using the program MEGA (Molecular Evolutionary Genetics Analysis). Various statistical programs were provided by T. S. Whittam.
Capsular serotyping. Details concerning the serotypes of the isolates described here have been presented previously (15, 18) .
LPS and OMP profiles. Details relating to LPS and OMP profiles have also been described previously (15, 16) .
RESULTS
Overall genetic diversity. Because of extensive differences in allele frequencies among isolates of serotypes A1, A2, A5 to A9, A12 to A14, A16, UG1, and UG2 and those of serotypes A11 and UG3, the two groups are treated as separate populations. Isolates of the first group (n ϭ 178) are considered to be P. haemolytica sensu stricto, while those of the second group (n ϭ 16) are referred to as the A11 taxon (22) . Whereas 18 enzymes were used for analysis of P. haemolytica isolates, only 12 enzymes were used for analysis of the A11 taxon because 6 enzymes (ACP, ES1, ES2, LG1, LG2, and SKD) were poorly resolved.
Among the 178 P. haemolytica isolates, 15 of the 18 enzyme loci were polymorphic for from 2 to 6 alleles, and 3 loci were monomorphic ( Table 2 ). The average number of alleles per locus was 2.5, and 22 ETs were identified, among which the mean genetic diversity per locus (H) was 0.297.
Among the 16 A11 taxon isolates, 8 of the 12 enzyme loci were polymorphic for from 4 to 10 alleles, and 4 loci (ADK, CAK, G3P, and NSP) were monomorphic (results not shown). The average number of alleles per locus was 3.9, and each isolate represented a distinctive ET, among which the mean genetic diversity per locus (H) was 0.485 (results not shown).
Genetic relationships among multilocus genotypes. Estimates of the genetic relationships among the 22 ETs of P. haemolytica are summarized in the dendrogram shown in Fig.  1 . The smallest observed genetic distance, 0.03, corresponds to a single locus difference. At a distance of 0.19, there are three primary lineages, which were designated A, B, and C. Lineages A and B diverge from lineage C at a distance of 0.28, and lineages A and B separate at a distance of 0.19. Lineage A includes two subdivisions, A1 and A2, that diverge at a distance of 0.1 and consist of 5 and 6 ETs, respectively. ETs in lineage A1 were represented by from 2 to 65 isolates and, in total, included 83 (47%) isolates; ETs in lineage A2 were represented by from 1 to 6 isolates and, in total, included 17 (10%) isolates. Lineage B consisted of 27 (15%) isolates in 7 ETs, each ET having from 2 to 8 isolates. Lineage C consisted of 51 (28%) isolates in 4 ETs, each ET having from 1 to 26 isolates.
Estimates of the genetic relationships among the 16 ETs of the A11 taxon are summarized in the dendrogram shown in Fig. 2 . There are two primary groups of lineages, A and B, that separate at a genetic distance of 0.41. Lineage A consisted of 5 serotype A11 isolates in 5 ETs; lineage B included 9 UG3 and 2 serotype A11 isolates in 11 ETs.
Genetic variation of P. haemolytica in relation to capsular serotypes. Estimates of the extent of genetic variation among P. haemolytica ETs of the same capsular serotype are presented in Table 3 . The H value among ETs of a given serotype was, on average, 0.131, which is only 44% of that in the total sample of 22 ETs. However, the magnitude of diversity was variable, ranging from 0 for serotype A12 to 0.259 for serotype A2. There were two cases of multiple serotypes occurring among isolates of the same ET (Table 1) . ET 1 was represented by 42 serotype A1 isolates, 13 serotype A6 isolates, and 6 serotype A12 isolates; ET 5 included 2 isolates each of serotypes A5, A8, and A9. Each of the remaining 20 ETs is represented by isolates of a single serotype, although untypeable isolates were assigned to ET 1, 7, 8, and 21.
The capsular serotypes were nonrandomly distributed among the three lineages A, B, and C (Table 1 ; Fig. 1 ). Lineage A was represented by isolates of 9 serotypes (A1, A5 to A9, A12, A14, and A16), lineage B was represented by isolates of 3 serotypes (A2, A7, and A13), and lineage C was represented by isolates of only a single serotype (A2). UG1 and UG2 isolates belonged to the same ETs as serotype A1 or A6 and serotype A2 isolates, respectively. Genetic variation of P. haemolytica in relation to LPS types. Detailed descriptions of the different LPS types have been given previously (15) . Estimates of the extent of genetic variation among P. haemolytica ETs of the same LPS type (15) are presented in Table 4 . The H value among ETs of a given LPS type was, on average, 0.170, which is only 57% of that in the total sample of 22 ETs. However, the magnitude of diversity was variable, ranging from 0.074 for LPS type 3A to 0.316 for LPS type 1B. LPS types 2A and 3A were each represented by isolates of 3 ETs; LPS types 3B and 4A were each represented by isolates of 4 ETs; LPS type 1A was represented by isolates of 5 ETs; and LPS type 1B was represented by isolates of 11 ETs. There were nine cases of multiple LPS types occurring among isolates of the same ET (Table 1) . For example, ET 1 FIG. 1. Genetic relationships of electrophoretic types of P. haemolytica isolates with respect to capsular serotypes. The dendrogram was generated by the UPGMA method of clustering from a matrix of coefficients of pairwise genetic distances, based on 18 enzyme loci. ETs are numbered sequentially from top to bottom in the order of listing in Table 2 . N is the number of isolates in each ET represented by multiple isolates; all other ETs were represented by single isolates. Three lineages, identified at a genetic distance of 0. As with capsular serotypes, individual LPS types were nonrandomly associated with each of the three lineages A, B, and C (Table 1) . Thus, lineage A included all of the isolates having LPS types 1A, 2A, 2B, and 3A, lineage B included all of the isolates with LPS types 4A and 4B, and lineage C included isolates expressing only LPS types 1B and 3B.
Genetic variation of P. haemolytica in relation to OMP types. A detailed account of the OMP profiles of P. haemolytica has been given previously (15) . Most ETs included isolates of only one OMP type, but there were several cases of variation in OMP type among isolates of the same ET (Table 1 
Genetic diversity within geographic region. Isolates were obtained from the United Kingdom, Germany, and the United States. Those from the United States were all of serotype A1 or A6, represented ET 1, and were indistinguishable on the basis of MLEE and LPS-OMP profiles from British isolates of the same serotypes. Isolates from Germany, however, were more diverse, consisting of serotypes A1 (seven isolates), A2 (two isolates), A5 (one isolate), A6 (two isolates), A7 (two isolates), and A9 (one isolate). Three German serotype A1 and A6 isolates belonged to ET 1 and were indistinguishable from the American and British isolates. However, nearly all of the remaining German isolates could be distinguished from the British isolates on the basis of their ET-serotype-LPS type-OMP type combinations. For example, isolate PH103 in ET 1 had a unique OMP profile, isolate PH106 in ET 1 was the only A6 isolate with type 1B LPS, ET 2 was represented only by German isolates, isolate PH402 was the only serotype A7 isolate in ET 4 that possessed type 1B LPS, and isolate PH1701 was the only A2 isolate in ET 17 with type 1B LPS.
DISCUSSION
Clonal population structure of P. haemolytica. The clone concept of bacterial population structure, originally developed from studies of Escherichia coli (41, 43) , is now well accepted, although not all bacterial species have a clonal population structure (25, 31, 35) . Nonrandom associations between capsular serotypes, LPS types, and OMP types (15) first suggested that the population structure of P. haemolytica is clonal, and the nonrandom association of these cell surface components with multilocus enzyme genotypes provides additional evidence that chromosomal recombination occurs relatively infrequently in natural populations of P. haemolytica and that, consequently, the genetic structure of the species is basically clonal. The recovery of the same multilocus genotypes over wide geographical areas and long periods of time further supports this conclusion. For example, serotype A1 and A6 isolates belonging to ET 1 were recovered from the United Kingdom, Germany, and the United States, and 25-to 35-year-old Genetic relationships between the A11 taxon and P. haemolytica. Based on a comparison of 16S rRNA sequences from a small number of isolates, it was previously shown (18) that serotype A11 and UG3 isolates represent a heterogeneous group of bacteria that are phylogenetically distinct from P. haemolytica sensu stricto. Analysis of a larger number of isolates by MLEE has confirmed these findings and also demonstrated that serotype A11 and UG3 isolates represent two separate lineages within the A11 taxon ( Fig. 1 and 2) . In a previous taxonomic study of P. haemolytica (9) , serotype A11 was designated as biogroup 3 and was shown to be phenotypically related to biogroup 5. Since UG3 is equivalent to biogroup 5 (18), the present study provides further evidence that biogroups 3 and 5 are a related group. These and the previous (18) findings support the suggestion of Frederiksen (22) that serotype A11 is a separate taxon and probably a separate species (39, 40) and indicate that UG3 isolates should be included within that species.
The extensive genetic diversity (H ϭ 0.485) within the A11 taxon was also evident from the deep branching of the dendrogram and the fact that each ET was represented by only a single isolate (Fig. 2) . The high degree of heterogeneity observed is consistent with the A11 taxon being a group of opportunistic sheep pathogens that are of low virulence and not associated with primary disease. Evidence for this inference comes from the fact that only two serotype A11 isolates and three UG3 isolates were recovered from cases of ovine pneumonia or septicemia. All of the other isolates originated from different disease conditions and various anatomical sites of sheep (18) . A similar relationship between extensive genetic diversity and opportunistic pathogenicity has been proposed for E. coli strains causing urinary tract infections of humans (54) .
Variation of capsular serotype in relation to population structure. The finding that some P. haemolytica ETs are represented by isolates of more than one capsular serotype, together with the occurrence of isolates of the same capsular serotype in different ETs and in different lineages, indicates that capsular serotyping is of limited value in defining genetic relationships among isolates. However, when UG1 and UG2 isolates are excluded, only two ETs (ETs 1 and 5) are associated with more than one capsular polysaccharide type. This situation is very different from that found in E. coli (11) and Neisseria meningitidis (12) , in which many ETs are represented by isolates of two or more capsular serotypes, but it is similar to that reported for the related species Actinobacillus pleuropneumoniae (38) and Haemophilus influenzae (36) .
The association of specific capsular serotypes with each of the lineages A, B, and C (Fig. 1) indicates a relationship between capsular polysaccharide type and phylogenetic lineage. Furthermore, variation in the number of capsular serotypes represented within lineages A and C, in particular, suggests that capsule evolution has been very different in these two lineages. The presence of only the A2 capsule in lineage C suggests that conservation of capsular structure has occurred and that the A2 capsule represents the ancestral capsular type within this lineage. Conservation of the A2 capsule may be due to the circumstance that its colominic acid structure is poorly immunogenic in sheep (7); changes in structure would presumably lead to increased immunogenicity, an unfavorable situation for the pathogen. Conservation of A2 capsular structure may, therefore, reflect selection pressure of the host immune system. Conversely, the presence of nine capsular polysaccharide types in lineage A, in the same or closely related ETs, suggests that there has been rapid evolution of capsular polysaccharide from a common ancestral structure in this lineage. Based on the close genetic relatedness of isolates within lineage A, the nine capsular polysaccharides, with the exception of the A7 capsule (see below), may be structurally very similar. The close genetic relatedness of serotype A7 and A13 isolates in lineage B similarly suggests that the A7 and A13 capsules are structurally related. However, the available evidence does not allow this hypothesis to be tested, since structural data are available only for capsular serotypes A1, A2, and A7 (5-7) . Nevertheless, the structural dissimilarity of the A1, A2, and A7 capsules (5-7) is in agreement with their being the principal capsular structures in each of the three P. haemolytica lineages. The presence of the type A7 capsule in genetically distinct groups of isolates in lineages A (ET 4) and B (ETs 12 to 14) is exceptional within P. haemolytica and represents either convergent evolution of polysaccharide structure or, more likely, the horizontal transfer of the A7 capsular genes. This situation is analogous to the occurrence of the type b capsule in widely divergent lineages in H. influenzae (36, 37) .
Variation of LPS type in relation to population structure. The finding that individual ETs of P. haemolytica may be represented by isolates of as many as four different LPS types, together with the fact that isolates of the same LPS type may occur in different ETs and in different lineages, provides evidence that, like capsular serotyping, LPS typing is of limited value in defining genetic relationships among isolates. Similar observations have been made for several other bacterial species, including E. coli (2, 11) . However, as in the case of capsular variation, LPS type has some relationship to the phylogenetic structure of P. haemolytica, because LPS types are nonrandomly associated with each of the three lineages (Table  1) . In a previous study (15) , P. haemolytica sensu stricto isolates were subdivided into three groups based on their LPS types.
The data presented here demonstrate that these subdivisions are correlated with phylogenetic lineage. Thus, type 1A LPS (group 1) is the major LPS type of lineage A and is associated only with isolates of this lineage, LPS types 1B and 3B (group 2) are expressed predominantly by isolates in lineage C, and LPS types 4A and 4B (group 3) are found exclusively in isolates of lineage B. In addition, within lineage C, LPS types 1B and 3B each occur in different ETs. Thus, LPS type 3B is associated with ET 21, and LPS type 1B is associated with ET 22. It should be noted that in ET 21, bovine and ovine isolates both possess LPS type 3B, although they have different and characteristic OMP profiles.
The correlation between LPS type and phylogenetic lineage provides clues about the evolution of LPS within P. haemolytica. The presence of the type 4 core oligosaccharide in the A11 taxon, as well as in isolates of serotypes A7 and A13, suggests that this is the ancestral core oligosaccharide type. The occurrence of the type 1 core oligosaccharide in lineages A, B, and C suggests that it evolved from the type 4 core oligosaccharide before the lineages diverged. The type 3 core oligosaccharide, which occurs predominantly in lineage C, may have evolved from the type 1 core oligosaccharide after the divergence of lineage C from lineages A and B. The unusual O antigen of P. haemolytica (16) may have been acquired by lineages A and B after their divergence from lineage C, giving rise to LPS types 1A, 2A, 3A, and 4A. The occurrence of only a single O-antigen type (15) in P. haemolytica suggests that the O antigen was acquired relatively recently and has had little time to evolve. Acquisition of the O antigen after the divergence of lineages A and B from C would account for the prevalence of the type 1A LPS in lineage A and its absence in lineage C. The facts that the type 3 core oligosaccharide is relatively rare in lineage A and that the O antigen is absent in lineage C suggest that these two events (i.e., evolution of type 3 from type 1 core oligosaccharide and acquisition of the O antigen) happened independently after the two lineages diverged. The emergence of the type 2 core oligosaccharide may be a recent evolutionary event in lineage A, as indicated by the small proportion of isolates possessing LPS types 2A and 2B in this lineage and its complete absence in lineages B and C.
Variation of OMP types in relation to population structure. It was previously shown (15) It was also demonstrated previously (15) that bovine A1 and A6 isolates could be differentiated from ovine A1 and A6 isolates by their OMP profiles; bovine and ovine A2 isolates could be similarly distinguished. These findings suggested the existence of distinct subpopulations of serotype A1, A2, and A6 isolates associated with cattle and sheep. The present study confirmed these observations and further demonstrated that bovine and ovine isolates of these serotypes are, with a few exceptions, phylogenetically distinct. Thus, bovine A1 and A6 isolates belonged to ETs 1 and 2 in lineage A1, whereas ovine A1 and A6 isolates (with the exception of two ovine A1 isolates in ET 1) were of four ETs in lineage A2. Similarly, all but seven bovine serotype A2 isolates belonged to ETs 17 and 18 in lineage B, whereas all but two ovine serotype A2 isolates were assigned to four closely related ETs in lineage C. Although the two ovine A2 isolates in ET 16 in lineage B were recovered from sheep, they actually had OMP profiles characteristic of bovine isolates (15) . ETs 1 and 21 were exceptional in that they included both bovine and ovine isolates. However, bovine and ovine isolates of these ETs could be differentiated by their OMP profiles (Table 1) . As suggested by Achtman et al. (3) , bovine and ovine isolates belonging to the same ET but differing only slightly in OMP profiles may be considered subclones. It was previously shown (15) that serotype A7 isolates represent two distinct groups characterized by having OMP types 1.2.1 and 3.1.1/2. These two groups are also phylogenetically distinct, being represented by ET 4 in lineage A and ETs 12 to 14 in lineage B, respectively (Table 1) . Associations between OMP type and ET have been described for several other bacterial species, including E. coli (2, 28) , A. pleuropneumoniae (38) , and H. influenzae (37) , and can be exploited for the rapid identification of clonal types.
Population structure in relation to host specificity and virulence. From epidemiological data, it is known that variation occurs in the association of different P. haemolytica serotypes with cattle and sheep and that a wider range of serotypes are found in sheep compared to cattle (19, 24) . The present study demonstrated marked differences in the association of ETs with cattle and sheep. Only 5 ETs were recovered from cattle, whereas 19 ETs were recovered from sheep. Of these, 3 ETs were associated exclusively with cattle, and 17 with sheep; 2 ETs were shared between cattle and sheep. The greater range of ETs in sheep compared to that for cattle suggests that the ancestral host of P. haemolytica is the sheep, an inference supported by the fact that the most closely related taxon, the A11 taxon, is associated only with sheep (9, 18) . Certain clonal lineages of P. haemolytica appear to have crossed the species barrier with differing results. For example, the serotype A1/A6 subclone of ET 1 has evolved specificity and a high degree of virulence for cattle. Presumably, this was a relatively recent event, because no genetic diversity was detected among these isolates, although variation within bovine serotype A1 isolates has been demonstrated by restriction endonuclease analysis and ribotyping (34) . The apparent genetic relatedness of bovine A1 and A6 isolates and of ovine A1 and A12 isolates (ET 1) was unexpected and may provide a clue as to the origin of the cattle-specific subclone. Certain serotype A2 clones, represented by ETs 17, 18, and 21, have also become adapted to cattle, but they are both less virulent and more diverse than the A1/A6 subclone.
In pathogenic bacteria with a clonal population structure, nonrandom associations of virulence properties often result in certain clones and families of clones being more highly pathogenic than others or preferentially associated with certain diseases or clinical syndromes (46, 48) . Consequently, the majority of cases of serious disease are often caused by a small proportion of the total number of extant clones. In P. haemolytica, three clonal groups, represented by the A1/A6 subclone of ET 1 and ETs 21 and 22, accounted for 59% of the isolates; 75% of the bovine disease isolates were of ET 1; and 43% of the ovine disease isolates were of ETs 21 and 22. The A7 clones represented by ETs 12 to 14 made up a fourth lessimportant group, accounting for 12% of ovine isolates.
The association of a small number of clones with a large proportion of disease cases suggests that genes mediating virulence factors are in linkage disequilibrium (nonrandom association) with genes of the multilocus enzyme genotypes. In the case of bovine isolates, the high incidence of the A1 and A6 capsules and type 1A LPS suggests that these are important host-specific virulence determinants. However, these structures are also found in a small percentage of ovine disease isolates in lineage A2. The major difference between the cattlespecific serotype A1/A6 isolates of ET 1 and the ovine-specific A1/A6 isolates of lineage A2 is in their OMP profiles (15) . These findings suggest that certain OMPs are involved in host specificity and virulence. However, possible differences in the activity or specificity of the leukotoxin or in other secreted virulence determinants need to be investigated.
In the case of ovine isolates, the high incidence of the A2 capsule and type 1B and 3B LPS suggests that these factors are important in virulence and host specificity in sheep. Certainly, the A2 capsule is likely to be important since its colominic acid structure is poorly immunogenic in sheep (7) . In addition, the occurrence of rough LPS types 1B and 3B in 53% of ovine isolates but in only 21% of bovine isolates suggests that these LPS types may be important in ovine disease. However, as with the A1 and A6 isolates, differences in OMP profiles between bovine and ovine serotype A2 isolates may also account for differences in host specificity and virulence.
Finally, in the case of A7 isolates, phylogenetically distinct clonal groups with different LPS and OMP profiles were associated with different clinical syndromes in sheep. Serotype A7 isolates of ET 4 expressed predominantly LPS type 3A and OMP type 1.2.1 and were associated mainly with cases of mastitis in ewes. In contrast, serotype A7 isolates of ETs 12 to 14 possessed LPS types 4A or 4B and OMP types 3.1.1 and 3.1.2 and were derived from cases of ovine pneumonia.
In summary, it has been shown that P. haemolytica has a clonal population structure, with individual clones or groups of clones being associated with distinctive combinations of capsular serotypes, LPS types, and OMP types, and with different clinical syndromes in cattle or sheep. This research has provided a genetic framework upon which future studies of the virulence and pathogenesis of P. haemolytica may be based.
